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Diversity effects in early- and mid-successional species pools
along a nitrogen gradient
Abstract
Biodiversity experiments with grassland species have shown that plant productivity commonly increases
with species richness and that this increase can be stronger in nutrient-rich than in nutrient-poor
environments. It has been suggested that these effects are due to functional diversity among species. To
investigate this, we established five early- and five mid-successional pools of six species each, expecting
stronger effects in the latter. The 10 six-species mixtures and the 60 corresponding species monocultures
were grown at four levels of soil nitrogen. We used five species traits (plant length, leaf length, leaf
tissue density, specific leaf area, leaf nitrogen concentration) to calculate a functional diversity index
weighted by relative species densities in mixture (Qd/m). This functional diversity index and
aboveground biomass production (standing crop at end of experiment) in mixture were similar between
early- and mid-successional communities but varied among communities within successional status.
Mixture biomass was between the mean and maximum monoculture biomass, indicating that the latter
species did not dominate mixtures and complementarity was not strong enough to cause transgressive
overyielding. As expected, high mixture biomass was positively correlated with Qd/m. Also as
expected, net biodiversity effects (mixture-mean monoculture biomass) were stronger in mid- than in
early-successional pools. Net biodiversity effects increased with nitrogen level in some pools but
decreased in others. The increase was consistent with a marginally positive effect of nitrogen level on
functional diversity and a positive relation between functional diversity and net biodiversity effect.
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Abstract. Biodiversity experiments with grassland species have shown that plant
productivity commonly increases with species richness and that this increase can be stronger
in nutrient-rich than in nutrient-poor environments. It has been suggested that these effects are
due to functional diversity among species. To investigate this, we established ﬁve early- and
ﬁve mid-successional pools of six species each, expecting stronger effects in the latter. The 10
six-species mixtures and the 60 corresponding species monocultures were grown at four levels
of soil nitrogen. We used ﬁve species traits (plant length, leaf length, leaf tissue density, speciﬁc
leaf area, leaf nitrogen concentration) to calculate a functional diversity index weighted by
relative species densities in mixture (Qd/m). This functional diversity index and aboveground
biomass production (standing crop at end of experiment) in mixture were similar between
early- and mid-successional communities but varied among communities within successional
status. Mixture biomass was between the mean and maximum monoculture biomass,
indicating that the latter species did not dominate mixtures and complementarity was not
strong enough to cause transgressive overyielding. As expected, high mixture biomass was
positively correlated with Qd/m. Also as expected, net biodiversity effects (mixture–mean
monoculture biomass) were stronger in mid- than in early-successional pools. Net biodiversity
effects increased with nitrogen level in some pools but decreased in others. The increase was
consistent with a marginally positive effect of nitrogen level on functional diversity and a
positive relation between functional diversity and net biodiversity effect.
Key words: aboveground biomass production; experimental plant communities; functional diversity; net
biodiversity effect; nitrogen gradient; species composition; succession.
INTRODUCTION
A large number of recent studies found that above-
ground biomass production increases with the number of
species in experimental plant communities (Balvanera et
al. 2006, Cardinale et al. 2006). Some of these studies
were carried out across a range of environmental
conditions and found that the productivity–species
richness relationships were stronger under elevated than
ambient concentration of carbon dioxide (Stocker et al.
1999, Reich et al. 2001), on fertilized than unfertilized
soil (Reich et al. 2001, Fridley 2002, 2003, He et al. 2002),
or in large than in small soil volume (Dimitrakopoulos
and Schmid 2004). Furthermore, aboveground biomass
production in biodiversity experiments often varies
among experimental communities of the same species
richness but with different species composition (Hooper
et al. 2005, Balvanera et al. 2006; see Spehn et al. 2005 for
an example). Here we focus on this aspect of differences
among communities containing the same number of
species. We ask how aboveground biomass production in
these communities is related to monoculture productivity
and to a new measure of functional diversity among
species. We also ask whether biodiversity effects, i.e., the
difference in productivity between mixture and average
monoculture, differ between early- and mid-successional
communities and whether they increase along a gradient
of increasing soil nitrogen.
Whereas it is obvious that increasing soil nitrogen may
increase aboveground biomass production in multispe-
cies plant communities, it is more difﬁcult to predict how
species composition may do this. One possible explana-
tion is that the species with the highest productivity in
monocultures are also the major contributors to mixture
productivity. In this case, a so-called sampling or
selection effect would be observed in biodiversity
experiments, because it is more likely that species with
high productivity in monoculture are included in large
than small random samples of species (Aarssen 1997,
Huston 1997). A crude test for such an effect can be
obtained by plotting the productivity of mixtures against
the productivity of the most productive monoculture.
More sophisticated tests were developed by Loreau and
Hector (2001) and Fox (2005) and are explained in
Material and methods. Another possible explanation of
the manner in which species composition may increase
aboveground biomass production in plant communities
is that different species complement one another in
resource uptake and contribution to mixture productiv-
Manuscript received 27 November 2007; revised 1 July 2008;
accepted 8 July 2008. Corresponding Editor: T. J. Stohlgren.
1 Corresponding author.
E-mail: bernhard.schmid@uwinst.uzh.ch
637
ity. Here, a corresponding complementarity effect would
be observed in biodiversity experiments because each
additional species can make an additional contribution
to mixture productivity (Hector 1998, Loreau 1998). The
tests mentioned above allow an additive partitioning of
complementarity and selection effects in biodiversity
experiments (Loreau and Hector 2001).
For the above effects to occur, it is necessary that
there are functional differences among species within a
plant community (Diaz and Cabido 2001, Palmborg et
al. 2005, Kahmen et al. 2006, Fargione et al. 2007,
Schmid et al. 2008). For example, if all species in a
community take up the same resource at the same time
and in the same space, interact in the same way with
natural enemies, and all have the same productivity, no
complementarity and no selection effects would be
observed. Functional differences among species can be
large and obvious as between nitrogen-ﬁxing legumes
and other herbaceous plants. In grassland biodiversity
experiments, such large differences have been used ﬁrst
to classify species into the three functional groups
grasses, herbs, and legumes and then relate aboveground
biomass production to the number of functional groups
in a community (Tilman et al. 1997, Hector et al. 1999,
Roscher et al. 2004). However, these broad functional
groups may only capture part of the most relevant
functional differences among species; and sometimes
they explain less variation in community productivity
than arbitrary groupings of species (Wright et al. 2006).
Alternative approaches to functional diversity have
therefore been suggested (Walker et al. 1999, Petchey
and Gaston 2002, Heemsbergen et al. 2004, Ackerly and
Cornwell 2007, Weigelt et al. 2008). These use direct
measurements of presumably important functional traits
of species and subsequent calculations of functional
diversity indices. The indices are based on distance
measures between species in multivariate space, where
the coordinates are the different traits measured. The
distances can then be averaged and may be weighted
according to species abundances.
To focus on the inﬂuence of species composition and
functional diversity on aboveground biomass produc-
tion and biodiversity effects, independently of basic
functional group composition, we assembled six-species
mixtures from replicated nonoverlapping pools of plant
species, each containing grasses, herbs, and legumes, but
reﬂecting either early- or mid-successional communities.
These communities are typical, respectively, for ruderal
and grassland sites in temperate regions. They can be
grown to peak aboveground biomass within one
vegetation period. We expected to ﬁnd different levels
of functional diversity among our communities because,
according to Van Valen’s (1965) niche-variation hy-
pothesis, early-successional species should be less
specialized and therefore functionally more similar to
one another than mid-successional species (Odum 1969,
Parrish and Bazzaz 1982, Bazzaz 1987). We expected
furthermore that a difference in functional diversity
between communities could increase aboveground bio-
mass production.
To test the inﬂuence of an environmental factor on
aboveground biomass production and biodiversity
effects, we used a nitrogen fertilization gradient, because
increased resource levels have led to increased biodiver-
sity effects in previous studies (Reich et al. 2001, Fridley
2002, 2003, He et al. 2002). It has been suggested that
this occurred because a larger functional diversity was
needed to extract all soil resources from the resource-
rich than from the resource-poor environments (Reich et
al. 2001, Dimitrakopoulos and Schmid 2004). Crossing
the different early- and mid-successional plant species
pools with the nitrogen fertilization gradient, we asked
the following questions: (1) How is aboveground
biomass production in mixtures related to aboveground
biomass production in monocultures? (2) Does above-
ground biomass production in mixtures increase with
functional diversity? (3) Are biodiversity effects larger in
mid- than in early-successional communities? (4) Do
biodiversity effects increase with soil nitrogen level?
MATERIAL AND METHODS
Species pools
We selected 30 early- and 30 mid-successional plant
species common in Central Europe. The early-succes-
sional species occur as weeds in crops, during the ﬁrst
years on abandoned ﬁelds and on road sides; the mid-
successional species are sown as components of species-
rich hay meadows and pastures (Knop et al. 2006). All
selected species germinate easily and can reach peak
biomass within one growing season, after which the
majority of early-successional species have to reestablish
from seeds because they are annuals. The two groups of 30
species were each divided into ﬁve nonoverlapping pools
of six species and three functional groups, grasses, herbs,
and legumes. These three functional groups are often used
to assess the inﬂuence of functional group richness on
community biomass in grassland biodiversity experi-
ments (see, e.g., Hector et al. 1999, Spehn et al. 2005). To
minimize confounding between species composition and
functional group composition within pools we included
two grass, two (pools 6, 9) or three herb, and one or two
(pools 6, 9) legume species in each pool. The slight
imbalance for the pools 6 and 9 was due to a limited
availability of herbs among the mid-successional species.
Apart from the restriction that all pools had to have these
particular numbers of species of the different functional
groups, the allocation of species to poolswas random.The
full species list can be found in Appendix A.
Experimental design
Forty experimental plots of 1 3 3 m area were
established on a former agricultural ﬁeld with a sandy-
loamy soil (pH of 7.6 6 0.18 [means 6 SE]) situated at
the agricultural extension station Forschungsanstalt
Agroscope Reckenholz-Ta¨nikon ART in Zu¨rich, Swit-
zerland (478260 N, 88310 E, altitude 443 m above sea
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level). This site had January and July mean temperatures
of 0.48C and 18.48C, respectively (mean annual temper-
ature in 2002, 10.38C), and a total precipitation of 1230
mm in the year 2002. Each experimental plot contained
plant stands of a single pool (Fig. 1). The six-species
mixture was sown on a 13 1 m subplot. Separated from
this by a 50 cm wide buffer of Lolium perenne L., a grass
species that was not included in any of the experimental
pools, the six monocultures were sown on 0.5 3 0.5 m
subplots without buffer between them. We used smaller
areas for the monocultures to reduce the amount of
required space and weeding. It should be noted that the
monocultures provided references to assess mixture
performance and that monocultures and mixtures were
not combined in single analyses of variance.
The 40 plots were grouped in four blocks, and each
species pool was randomly assigned to one of 10 plots
within each block. Crossed with the factor ‘‘pool’’ was a
factor ‘‘N treatment’’ with four levels (control and three
different doses of nitrogen addition). The nitrogen
fertilizer (AGROline AG, Basel, Switzerland; N:Mg:S
¼ 23:5:7) was applied twice in granular form during the
growth period, on 26 June and 9 August 2002, resulting
in an annual nitrogen supply of 0, 8, 16, or 24 g N/m2,
representing low- to very-high-intensity grassland man-
agement in Switzerland. Because the four treatment
levels could not be assigned equally to the 10 plots
within each block, two levels occurred twice and two
levels three times within each block. Apart form this
restriction and the additional restriction that each
combination of pool3N treatment had to occur exactly
once, allocation of plots to nitrogen levels was random.
The ﬁeld was harrowed three weeks before the plants
were sown. Seeds were sown on 23 May 2002 at a density
of 600 viable seeds/m2 as indicated by the individual
germination percentages of the species, which was
determined in prior germination trials. The experimental
site was watered by rainfall, except on 26 June, when we
watered the ﬁeld artiﬁcially after a three-week period of
hot, dry weather, to prevent withering of the small
seedlings. On 29 July 2002 all plots were cut to a height of
5 cm to equalize initial height differences caused by
variation in germination time. The mid-successional
species commonly experience such defoliation as mowing
or grazing. The early-successional species also tolerate
defoliation, although it is rarely part of an ordinary
management treatment. We cut both early- and mid-
successional species back to 5 cm to have equal starting
points and a better deﬁned measure of aboveground bio-
mass production at harvest, which was carried out from
30 September to 10 October 2002. From germination to
harvest all plots were continuously weeded to maintain
pure monocultures and mixtures of the sown species.
Measurements
In all plots, we measured ﬁve traits of individual
species as well as species- and community-level density
and aboveground biomass production (Table 1). The ﬁve
traits were plant length, leaf length, leaf tissue density
(Ryser 1996), speciﬁc leaf area (SLA), and leaf nitrogen
concentration (high in legumes). These traits were chosen
because of their presumed functional importance for
plant growth and aboveground biomass production and
were used to calculate functional diversity indices. A
summary of the trait data is provided in Appendix B.
Plant density in mixtures was assessed by counting all
plants grown from seeds (i.e., ‘‘genets’’ in the terminol-
ogy of Harper [1977]) six weeks after sowing, using a
central rectangle of 0.2 3 0.5 m. The density measure
allowed us to check the evenness of the species
compositions after germination and to weight species
accordingly in the calculation of functional diversity.
Aboveground biomass production was estimated by
cutting all plants at ground level within a central area of
0.4 3 0.4 m in monocultures and on two such areas in
mixtures. The plant material from one of the latter areas
was separated into species. All harvested biomass was
then dried for 48 h at 808C and weighed. The harvested
biomass corresponded to the amount produced between
0 and 5 cm above ground over the entire vegetation
period of 19 weeks plus the amount produced above 5 cm
from the cut at the end of July until harvest (10 weeks).
The amount of biomass produced above 5 cm over the 10
weeks was on average 72.5% of the total (determined
from the harvest on the second area in mixtures, which
was separated into vertical layers instead of species and
not included in the analysis).
FIG. 1. Layout of an experimental plot containing the
mixture and, separated by a strip sown with Lolium perenne, six
monocultures (a–f ) of one species pool at one nitrogen level.
Note that in the data analysis these monocultures were used to
predict the performance of the mixture at the corresponding
nitrogen level and therefore were grouped together with the
mixture. Plots were established at the agricultural extension
station Forschungsanstalt Agroscope Reckenholz-Ta¨nikon
ART in Zu¨rich, Switzerland.
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Data analysis
Three out of the 60 species sown, Chelidonium majus
(pool 2), Dactylis glomerata (pool 6), and Ranunculus
acris (pool 7), did not establish. Thus, all subsequent
analyses were done for the remaining 57 species and their
mixtures.
Functional diversity index Q.—We calculated a func-
tional diversity index Q (quadratic diversity of Rao
[1982] as implemented in Weigelt et al. [2008]) among all
species in the experiment, among early- and among mid-
successional species, among grasses, among herbs, and
among legumes and among the species contained in each
mixture. To calculate Q, we used the ﬁve species traits
listed ﬁrst in Table 1. These traits were standardized to
have mean ¼ 0 and standard deviation ¼ 1. Then all
pairwise squared Euclidean distances between species i
and j (i and j ranging from 1 to S, the total number of
species included) for each trait t (ranging from 1 to T¼
5) were calculated. The distance values were weighted by
the proportional abundances pi and pj of the two species
in a pair. The index Q was then obtained by summing up
all these weighted distances:
Q ¼
XT
t¼1
XS
i¼1
XS
j¼1
pipjðxit  xjtÞ2
" #
where xit is the value of trait t for species i and xjt is the
value of trait t for species j.
Using the squared Euclidean distances has the
advantage that the index Q is related to the trait
variances among species, a commonly used measure of
variability or diversity (Weigelt et al. 2008):
Q ¼ 23
XT
t¼1
varðxtÞ:
This formulation of the index allows the traits to be
weighted individually (Weigelt et al. 2008),
Q ¼ 23
XT
t¼1
a2t 3 varðxtÞ
such that the explanatory power of the index in a
regression analysis with a dependent variable y can be
maximized as follows (Weigelt et al. 2008):
y ¼ b0 þ b13Q ¼ b0 þ 23
XT
t¼1
ðb1a2t Þ3 varðxtÞ:
We used the method described in Weigelt et al. (2008) to
calculate the weights at, setting the largest weight to 1.
We ﬁrst calculated Qpl with equal p for all species ( pi
¼ pj¼ p¼ 1/S) and without weighting traits, because this
can be done even before an experiment is started. We
then used relative species densities (density of each
species six weeks after sowing divided by the total
community density) as p’s to calculate a realized
functional diversity index Qd, which could differ
between individual mixture plots due to differences in
relative densities. We also calculated a Qbio, using ﬁnal
aboveground biomass proportions as p’s. Finally, we
calculated Q with species traits measured in monocul-
ture (values in Table 2) and in mixture (subscript ‘‘/m,’’
values in Figs. 2, 3). However, we averaged trait values
across the nitrogen gradient. As a consequence of this
averaging, differences in Qd or Qbio between nitrogen
levels within pools were entirely due to differences in
species abundances ( p’s). If a trait value for a species
could not be assessed in mixtures, we used the
monoculture value instead (see Appendix B). We did
all main analyses with Q calculated from all ﬁve species
traits weighted equally but report which alternative
weighting of traits would have maximized explanatory
power for the most important analyses.
Dominance index D.—In the mixtures the Simpson
dominance index was calculated using the following
formula (Smith and Wilson 1996):
TABLE 1. Measurements taken in 2002 in monocultures and mixtures for the 57 established species in the experiment.
Variable Explanation Measurement time Units
Plant length length from the ground to the tip of the plant (bent
plants pulled up; mean of five individuals per species
per subplot)
27 Aug cm
Leaf length length of leaf blade (mean of five leaves of different
individuals per species per subplot)
27 Aug cm
Leaf tissue density dry/fresh biomass of leaf blades (from pooled samples
of 5–15 leaves [depending on leaf size] per species
per subplot)
10–18 Sep g/g
Specific leaf area (SLA) area/dry biomass of leaf blades (same samples as for
leaf tissue density)
10–18 Sep m2/kg
Leaf nitrogen concentration mass of total nitrogen/dry biomass of leaf blades
(same samples as for leaf tissue density)
10–18 Sep %
Density (mixtures) number of seed-derived plants (genets) per species
per area
3–4 Jul m2
Aboveground biomass production aboveground production of dry biomass per species
per area (see Material and methods: Measurements
for full explanation)
30 Sep–10 Oct gm2time1
Note: Plots were established at the agricultural extension station Forschungsanstalt Agroscope Reckenholz-Ta¨nikon ART in
Zu¨rich, Switzerland.
Measurements were taken with a CHN-Analyzer Leco, CHNS-932 (St. Joseph, Michigan, USA).
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D ¼
XS
i¼1
p2i
with p’s again calculated from relative species densities
(Dd) or ﬁnal aboveground biomass proportions (Dbio).
The dominance index could take values between 0.167
(0.2 in pools 2, 6, and 7, which contained only ﬁve
species), if all species were equally abundant, and 1, if
one species dominated completely with p ¼ 1.
Additive partitioning of biodiversity effects.—The
biomass of mixtures was compared with the biomass of
their component species in monoculture. A net biodiver-
sity effect (NE) was calculated as the difference between
mixture and average monoculture for every species pool
3 nitrogen level combination. The NEs were then
partitioned into components using two methods, one
described in Loreau and Hector (2001) and one in Fox
(2005). The ﬁrst method yields a component comple-
mentarity effect (CE) and a component selection effect
(SEL) according to the following formula:
NE ¼ CE þ SEL
¼ S3meanðDRYÞ3meanðMÞ
þ S3 covarianceðDRY; MÞ
where DRY is the difference between observed and
expected relative aboveground biomass production of a
species in mixture and M is the aboveground biomass
production of that species in monoculture (see Spehn et
al. 2005 for more detail about the calculation of CE and
SEL). The CE measures to which degree all species
contribute similarly to a higher (or lower) aboveground
biomass production in mixture than in the average
monoculture and the SEL measures to which degree
species with particularly high (or low) values in
monoculture also contribute to high (or low) values of
the mixture total. The method of Fox (2005) further
partitions the SEL into a trait-dependent complemen-
tarity effect (TDCE) and a dominance effect (DE). The
TDCE is that part of the SEL in which one species
contributes more than expected based on its monoculture
without reducing the contributions of the other species.
The DE is that part of the SEL in which a high
contribution of one species is ‘‘compensated’’ by a lower
contribution of the other species. Because in our analyses
TDCE was close to zero and thus DE close to SEL we
only report results for SEL. If a species did not produce
any biomass in monoculture in a plot, it was not used for
the calculations of NE, CE, SEL, TDCE, andDE; that is,
the species was also excluded from the mixture in the
calculations for that plot. One plot was excluded from
the analysis of these effects because it contained a species
(Vicia villosa) that had a very low value in the
monoculture yet a very high value in the mixture, leading
to an extremely high value of CE. The data set containing
the original data and derived measures for all 40 mixture
plots is provided in Appendix C.
Statistical analysis
We used multiple regression analyses to assess the
inﬂuence of the different sources of variation on species-
and community-level aboveground biomass production,
on community density, and on the derived measures
mentioned in Data analysis. We summarized the results
in mixed-model ANOVA tables with sequential sum of
squares (Schmid et al. 2002). The general order of ﬁtting
was ‘‘block,’’ ‘‘successional status,’’ ‘‘pool,’’ ‘‘N treat-
ment,’’ interactions, and ‘‘plot.’’ The different sources of
variation were tested against appropriate error terms as
indicated in the tables. The factor ‘‘N treatment’’ was
partitioned into a linear contrast (‘‘N treatment linear’’),
a quadratic contrast (‘‘N treatment quadratic’’), and the
deviation to test for a gradual effect of the nitrogen
concentration on the dependent variables. Forming these
contrasts also allowed us to test the interactions pool3N
treatment linear or pool3N treatment quadratic against
the residual variation among plots, which was equivalent
to the pool 3 deviation interaction. If the quadratic
contrast (or its interactions) or the deviation were not
(marginally) signiﬁcant (P. 0.1), we only kept the linear
TABLE 2. ANOVAs for species aboveground biomass production in (a) monoculture and (b) mixture.
Source of variation
a) Monocultures b) Mixtures
Error termdf MS F P df MS F P
Between-plot analysis
Block 3 212 402 1.91 0.145 3 7814 0.57 0.641 plot
N treatment linear 1 1 722 490 15.51 ,0.001 1 98 667 7.14 0.011 plot
Plot 35 111 038 3.20 ,0.001 35 13 821 1.07 0.387 residual
Within-plot analysis
Functional groups 2 306 851 1.04 0.360 2 195 745 3.12 0.054 species
Legumes contrast 1 586 669 2.00 0.164 1 336 696 5.37 0.025 species
N treatment linear 3 functional groups 2 300 856 8.68 ,0.001 2 2840 0.22 0.803 residual
N treatment linear 3 legumes 1 597 258 17.22 ,0.001 1 4284 0.33 0.566 residual
Species within functional groups 45 293 673 8.47 ,0.001 44 62 748 4.86 ,0.001 residual
Residuals 134 34 676 100 12 923
Notes: Only the linear contrast of the nitrogen level was ﬁtted. Note that the term ‘‘plot’’ contains the deviation from this linear
contrast and nonsigniﬁcant variation among species pools (‘‘successional status’’ and ‘‘pool’’). Legumes contrasts within functional
groups are shown in boldface.
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contrast (or its interactions) in the model. To meet the
assumptions of the analysis, NE, CE, SEL, TDCE, and
DE were square-root transformed, while the original
positive and negative signs were preserved. Although
monocultures and mixtures were grown within the same
experiment, all main analyses were performed separately
for the two, because the subplot sizes were different and
among-species variation within a subplot obviously
could only be measured in mixtures.
The functional diversity index Q was used both as
response and as explanatory variable (for aboveground
biomass production and NE of mixtures). Similarly,
mean, weighted mean (using species biomass propor-
tions p in mixtures as weights), and maximum mono-
culture aboveground biomass production per plot were
also used as alternative explanatory variables for
aboveground biomass production in mixtures (see Fig.
3). All analyses were calculated with the software R (R
Development Core Team 2006).
RESULTS
Monocultures
Aboveground biomass production.—In monocultures,
aboveground biomass production averaged over all
species increased linearly with nitrogen level (Fig. 2a
and Table 2a). There were no further signiﬁcant (P ,
0.05) effects at the between-plot level of analysis, and
therefore the terms successional status (different sym-
bols in Fig. 2a) and pool were combined with the plot
term in Table 2. At the within-plot (and thus within-
pool) level of analysis it became clear that the overall
increase in aboveground biomass production with
nitrogen level was due to grasses and herbs, whereas
aboveground biomass production of legumes did not
respond to nitrogen level (signiﬁcant N treatment linear
3 legumes interaction in Table 2a). Nevertheless, the
mean aboveground biomass production among the three
functional groups did not differ, but differences among
species within these functional groups were large (Table
2a: functional groups and legumes contrast not signif-
icant, species within functional groups highly signiﬁ-
cant).
Functional diversity among different species groups in
monoculture.—Using the ﬁve species traits plant length,
leaf length, leaf tissue density, SLA, and leaf nitrogen
concentration measured in monocultures to calculate the
functional diversity index Qpl, we found that, as
predicted, early-successional species had a lower and
mid-successional species had a higher value than all
species combined (Table 3). However, when Qpl was
calculated for each of the 10 pools individually, the
values for the ﬁve early-successional pools (mean, 8.97;
range, 5.74–11.73) were on average as large as those for
the ﬁve mid-successional ones (mean, 8.96; range, 7.45–
9.88). In contrast, Qpl was smaller for the three
functional groups, grasses, herbs, and legumes (Table
3), indicating that they differed among each other with
regard to the ﬁve traits used in the calculation ofQ. Thus,
including species of all three functional groups in each
species pool should have increased the Qpl of all pools.
Mixtures
Aboveground biomass production, species level.—First
we analyzed the individual species biomasses in mixtures
(Table 2b). As found in monocultures, the aboveground
FIG. 2. Inﬂuence of nitrogen level, from low (1) to high (4),
on (a) aboveground biomass production of monocultures, (b)
functional diversity Qd/m of mixtures, and (c) aboveground
biomass production of mixtures. In each graph, open circles
represent means of early-successional pools, and solid circles
represent means of mid-successional pools. Bars indicate 6 SE
(calculated from residual variance of ANOVA). Note that when
differences between early- and mid-successional pools were
tested against variation among pools within successional status
they were not signiﬁcant. No time interval is given for the
aboveground biomass production because biomass between 0
and 5 cm was produced over the entire experimental period of
19 weeks, whereas biomass above 5 cm was produced over the
last 10 weeks of the experiment (see Material and methods).
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biomass production of individual species increased with
nitrogen level in mixtures, and there were no further
signiﬁcant effects at the between-plot level of analysis (P
. 0.05 for terms successional status and pool). Legumes
were signiﬁcantly more productive than grasses or herbs
in the mixtures (legumes contrast in Table 2b). The large
differences in productivity among species within func-
tional groups were again evident in mixtures, as they
were in monocultures (species within functional groups
in Table 2b).
FIG. 3. Aboveground biomass production of mixtures as a function of (a) mean, (b) weighted mean, or (c) maximum
aboveground biomass production of constituent monocultures and as a function of three versions of the functional diversity index
Q calculated from species traits: (d) Qpl/m (equal weighting of species), (e) Qd/m (species weighted according to relative density), (f )
Qbio/m (species weighted according to biomass proportions). The four nitrogen treatments are represented from lowest to highest
nitrogen level with open triangles, solid triangles, open squares, and solid squares. Lines are ﬁtted regression lines over all nutrient
levels. The dashed lines in panels (a)–(c) indicate a 1:1 relationship between the x and y variables. Note that the highest biomass
value in monoculture was obtained for Trifolium repens at the lowest nitrogen level (c). No time interval is given for the
aboveground biomass production because biomass between 0 and 5 cm was produced over the entire experimental period of 19
weeks whereas biomass above 5 cm was produced over the last 10 weeks of the experiment (see Material and methods).
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Dominance.—The mean dominance index based on
density (Dd) was 0.32, indicating a relatively even
abundance distribution of species within mixtures six
weeks after sowing. At the end of the experiment, 19
weeks after sowing, the mean dominance index based on
biomass (Dbio) was 0.51. Dominance did not increase
with nitrogen level (P . 0.1 for both indices).
Furthermore, Dbio was similar in early- and mid-
successional mixtures (P . 0.1) but varied signiﬁcantly
among pools within successional status (F8,17¼ 23.92, P
, 0.001), indicating that in some cases a particular
species did reach high abundance, e.g., Plantago
lanceolata in pool 9.
Functional diversity in mixtures.—When the species
traits measured in mixtures were used to calculate Qpl/m
for each of the 10 pools individually, the values for the
ﬁve early-successional pools (mean, 7.95; range, 6.30–
11.43) were on average, as expected, smaller than those
for the ﬁve mid-successional ones (mean, 9.25; range,
6.67–11.15), but the difference was still not signiﬁcant (P
. 0.1) due to the large variation among pools within
successional status. The development of dominance (see
previous paragraph) reduced the functional diversity as
measured by Qd/m to 6.35 in early- and 7.18 in mid-
successional pools (Fig. 2b). The difference between
means was again not signiﬁcant (P . 0.1), but there was
signiﬁcant variation among pools within successional
status (F8,17¼ 5.72, P , 0.001; note that this signiﬁcance
test was possible because replicates of the same pool had
different Qd/m at different nitrogen levels). Furthermore,
there was a trend for Qd/m to increase linearly with
nitrogen level (F1,17 ¼ 2.94, P ¼ 0.105; see Fig. 2b). At
the end of the experiment, Qbio/m was 5.05 in early- and
4.50 in mid-successional pools (P . 0.1); the variation
among pools within successional status in Qbio/m was
highly signiﬁcant (F8,17 ¼ 29.9, P , 0.001).
Density, community level.—In mixtures, the highest
total plant density six weeks after sowing occurred at
intermediate nitrogen levels, which was reﬂected in a
signiﬁcant N treatment quadratic contrast (F1,16¼ 9.77,
P¼ 0.007). Density was marginally higher in early- than
in mid-successional mixtures (F1,8 ¼ 5.03, P ¼ 0.055).
Aboveground biomass production, community level.—
Aboveground biomass production of the entire commu-
nity in mixtures increased with nitrogen level (Table 4a;
Fig. 2c). However, in contrast to the monocultures,
mixtures showed a signiﬁcant deviation from linearity
(Table 4a) because they produced particularly high
values of aboveground biomass at the second-highest
nitrogen level. Early- and mid-successional mixtures had
TABLE 3. Functional diversity among the 57 established species used in the experiment.
Species set Number of species in set Name of Qpl Value
All species 57 Qpl/overall 9.82
Early-successional species 29 Qpl/early 9.29
Mid-successional species 28 Qpl/mid 10.10
Grasses 19 Qpl/grasses 7.13
Herbs 26 Qpl/herbs 7.76
Legumes 12 Qpl/legumes 4.05
Notes: Functional diversity (Qpl) was measured as the average squared Euclidean distance
between species in trait space, with traits standardized to zero mean and unit variance (see
Material and methods). In this case, the traits were measured in monoculture. Note that the
functional diversity within the group of early-successional species was slightly smaller while that
of mid-successional species was slightly larger than the overall functional diversity, and that all
these were larger than the functional diversity within the three a priori functional groups,
grasses, herbs, and legumes.
TABLE 4. ANOVA results for community aboveground biomass production and net biodiversity effects (NE) in mixtures
assembled from ﬁve early- and ﬁve mid-successional species pools.
Source of variation
Aboveground biomass production Net biodiversity effect (NE)
Error termdf MS F P df MS F P
Block 3 23 158 3.09 0.059 3 40.73 0.52 0.678 residual
Successional status (SS) 1 0 0.00 1.000 1 477.21 6.55 0.034 pool
Pool within SS 8 29 588 3.94 0.011 8 72.87 0.92 0.524 residual
N treatment linear 1 232 800 31.02 ,0.001 1 0.15 0.00 0.965 residual
N treatment deviation
from linearity
2 124 748 8.31 0.004     residual
SS 3 N treatment linear 1 52 078 2.26 0.171 1 35.73 0.13 0.725 pool 3 N
treatment
linear
Pool within SS 3 N
treatment linear
8 23 014 3.07 0.029 8 268.67 3.40 0.018 residual
Residuals (¼plot) 15 7505 16 79.08
Note: Only the linear contrast of the nitrogen level was ﬁtted.
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similar biomass, but differences among pools within
successional status were signiﬁcant (Table 4a).
We ﬁtted several linear regressions to test how well
aboveground biomass production in mixtures could be
directly predicted by aboveground biomass production
in monocultures (Fig. 3a–c) or by the functional diversity
of mixtures with regard to the ﬁve species traits measured
in mixtures (Fig. 3d–f ). For the ﬁrst three regressions, it
can be seen that the best ﬁt is obtained with the mean
value of monocultures, even though they generally
underestimate the mixture biomass (most points above
the dashed line with slope 1 in Fig. 3a). Both the weighted
mean value, which should give a perfect ﬁt if species
aboveground biomass production was not affected by
mixing, and the maximum value of monocultures over-
estimated the mixture biomass (most points below the
dashed lines with slope 1 in Fig. 3b, c). Only in four out of
40 cases did mixtures produce more aboveground bio-
mass than their best species in monoculture (transgres-
sive overyielding; points above the dashed line in Fig. 3c).
Using the functional diversity indices as explanatory
variables for aboveground biomass production, the best
prediction was obtained if the species were weighted ac-
cording to the relative densities they had achieved in
mixtures six weeks after establishment (Qd/m; Fig. 3e);
weighting species according to their biomass proportions
at the end of the experiment removed all predictive power
(Qbio/m; Fig. 3f ). Optimizing Qd/m by weighting not only
the species but also the traits (see Material and methods)
further increased its predictive power (adjusted r2¼0.190,
P¼0.003). All ﬁve traits had weights. 0 in the optimized
indexQd/m (plant length, 0.88; leaf length, 0.52; leaf tissue
density, 0.66; SLA, 0.46; leaf nitrogen concentration, 1).
Biodiversity effects
Averaged across the 10 species pools, mixtures
produced more aboveground biomass (559 6 25 g/m2
[mean 6 SE]) than monocultures (441 6 23 g/m2;
compare Fig. 2c with Fig. 2a). This was reﬂected in
positive net biodiversity effects NE (test for overall
mean 6¼ 0 in ANOVA [not shown in Table 4b]: F1,16 ¼
17.83, P , 0.001). As predicted, NE was signiﬁcantly
higher in the mid- than in the early-successional pools
(Fig. 4, P value in Table 4b). Although NE averaged
over all pools remained practically constant across the
nitrogen gradient, some pools did show the predicted
linear increase in NE with increasing nitrogen level,
whereas other pools showed only a weak or even
negative relationship between NE and nitrogen level
(Fig. 4, signiﬁcant interaction pool3N treatment linear
in Table 4b).
Using the functional diversity index Qd/m to predict
NE only yielded an adjusted r2 ¼ 0.03 (P . 0.1).
However, again optimizing Qd/m by weighting the traits
(seeMaterial and methods) increased its predictive power
to a signiﬁcant level (adjusted r2 ¼ 0.08, P ¼ 0.039). In
this case, only three traits had weights . 0, namely leaf
length (0.40), leaf tissue density (0.78), and leaf nitrogen
concentration (1). Thus, increasing variation in these
three leaf traits among species in mixture, all of which
contained grasses, herbs, and legumes, led to increased
net biodiversity effects NE.
The additive partitioning of NE showed that it was
due to different combinations of complementarity and
selection effects among the 10 pools. Overall differences
between early- and mid-successional pools were not
signiﬁcant (P . 0.1), but both CE (F8,16 ¼ 4.79, P ¼
0.004) and SEL (F8,14 ¼ 7.01, P , 0.001) varied
signiﬁcantly among pools within successional status.
Nitrogen addition did not affect CE (P . 0.1), but SEL
was lowest at the second and highest at the third
nitrogen level (N treatment linear, F1,14 ¼ 4.42, P ¼
0.054; deviation, F2,14 ¼ 5.96, P ¼ 0.013).
DISCUSSION
Differences between early- and mid-successional species
Early- and mid-successional species did not differ in
aboveground biomass production along the nitrogen
gradient. This facilitates the later comparison of
biodiversity effects between early- and mid-successional
mixtures. The three different functional groups, grasses,
herbs, and legumes, which were included among the
early- and the mid-successional species, also had similar
mean aboveground biomass production. All three
FIG. 4. Inﬂuence of nitrogen level, from low (1) to high (4),
on the net biodiversity effect, NE (difference in aboveground
biomass production between mixture and mean monoculture,
square-root scale; see Material and methods) for each species
pool (numbers associated with lines; see Appendix A for lists of
species). Solid and dashed lines represent ﬁtted regression lines
over all nutrient levels for early- and mid-successional pools,
respectively. Note the higher values for NE in mid-successional
pools (P , 0.05) and the differential responses of individual
pools, indicating that in some pools biodiversity effects are
enhanced and in others diminished by the fertilizer application.
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functional groups, except the legumes in monoculture,
responded positively to nitrogen fertilization.
We had expected that early-successional species could
perhaps be more similar to one another in functionally
important traits because they may be less specialized
than mid-successional species (niche-variation hypothe-
sis; Van Valen 1965, Odum 1969, Parrish and Bazzaz
1982, Bazzaz 1987). We used a new index of functional
diversity, Q, calculated from ﬁve traits measured in
monoculture or mixture, to assess this expectation.
Although different versions of Q were indeed smaller for
early- than for mid-successional species, there was so
much variation among the different pools we had
assembled from the two successional groups that the
expectation could not be supported. Nevertheless, the
functional diversity index Qpl worked well to demon-
strate the similarity of species within the functional
groups grasses, herbs, and especially legumes (see Table
3).
Dominance and functional diversity in mixtures
To which degree plant mixtures of the same species
number differ from one another does not only depend
on trait differences among species but also on the
relative abundances of species within the mixtures. We
used the dominance indices Dd and Dbio to test whether
early- and mid-successional mixtures differed in abun-
dance distributions and whether dominance increased
with nitrogen level, as would be expected under
increased competition (Austin and Austin 1980, Tilman
1987, Stevens et al. 2004), but found no such effects. The
density-weighted index of functional diversity, Qd/m,
even increased slightly with nitrogen addition. It is
conceivable that these results would have changed if the
experiment were continued over several plant genera-
tions. The strongest effect on variation in dominance
and functional diversity in this study had the different
species pools within successional status. This emphasizes
the important role that species composition can play in
biodiversity experiments (Leps et al. 2002, Spehn et al.
2005) and is relevant for the subsequent interpretation of
patterns of aboveground biomass production and
biodiversity effects in mixtures using Qd/m as an
explanatory variable.
Aboveground biomass production in mixtures
Community aboveground biomass production in
mixtures may be affected by, among other factors,
particular species present, functional diversity among
species, and resource availability. In our study, it varied
among species pools and increased with nitrogen level,
but there was also a signiﬁcant interaction between the
two (see Table 4a). We tried to explain this variation in
aboveground biomass production of mixtures with
variation in the performance of component species in
monoculture (question 1 in Introduction) or with indices
measuring the functional diversity among component
species (question 2 in Introduction).
Productivity in mixtures was better predicted by the
mean of monoculture productivities than by the highest
monoculture productivity, which was usually far above
the mixture in aboveground biomass production. This
shows that the species with highest monoculture pro-
ductivity did not dominate mixture productivity and is in
contrast to the assumption of a sampling effect (Aarssen
1997, Huston 1997) and to results of a meta-analysis that
found similar productivities between mixtures and best
monocultures (Cardinale et al. 2006). If monoculture
productivities were weighted according to species bio-
mass proportions in mixtures, the prediction of mixture
productivity was even worse. This indicates that not only
did the best monocultures fail to dominate correspond-
ing mixture productivity, but that more generally
biomass proportions among species in mixture did not
correspond well to those in monoculture. This seems to
be a typical result for grassland communities (our mid-
successional mixtures), as shown in the European
BIODEPTH experiment (Hector et al. 2002) and the
German Jena Experiment (Roscher et al. 2005). Here we
extend it to early-successional species characteristic of
ruderal plant communities.
As suggested by question 2, aboveground biomass
production was also positively related to functional
diversity in ﬁve species traits not directly related to
biomass. This indicates that communities with a greater
functional diversity could extract more resources from
the environment, an argument often put forward in
biodiversity experiments in which the number of plant
functional groups was varied (Hooper and Vitousek
1997, Tilman et al. 1997, Heemsbergen et al. 2004,
Spehn et al. 2005). Among the different versions of the
functional diversity index, the one based on relative
species densities at the beginning of the experiment,
Qd/m, predicted aboveground biomass production in
mixtures best, whereas the one based on ﬁnal biomass
proportions, Qbio/m, showed no relationship (see Fig. 3).
This suggests that high functional diversity was the
cause rather than the consequence of high aboveground
biomass production.
A difﬁculty is to decide which traits should be
included in Qd/m and which weight they should be given
(Weigelt et al. 2008). Using different weights of the ﬁve
traits in the present study increased predictive power
and showed that variation among species in leaf
nitrogen concentration was most important in the
increase of aboveground biomass production, followed
in decreasing order by plant length, leaf tissue density,
leaf length, and SLA. Considering further traits might
have further improved prediction.
Biodiversity effects in early- and mid-successional
mixtures along a nitrogen gradient
Due to potentially lower functional diversity among
early- than among mid-successional species, we expected
weaker net biodiversity effects in early- than in mid-
successional mixtures (question 3 in Introduction). This
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was indeed the case, although the assumed cause could
not be conﬁrmed because our measures of functional
diversity did not show a signiﬁcant difference between
early- and mid-successional pools. Nevertheless, NE
increased with an optimized Qd/m, which only included
variation in the three leaf traits, leaf nitrogen concen-
tration, leaf tissue density, and leaf length (ordered in
sequence of decreasing weights).
Partitioning NE into complementarity effect and
selection effect showed that they did not signiﬁcantly
differ between early- andmid-successional mixtures. This
could only be explained by the large variation in CE and
SEL among the different species pools within succes-
sional status. Among the species causing high SELs in
their respective pools were the herbs Achillea millefolium
(pool 10), Lepidium virginicum (pool 3), and Plantago
lanceolata (pool 9) and the legumesMelilotus albus (pool
2) and Trifolium repens (pool 8). In a separate experiment
including 48 of the species of this experiment and running
over two growing seasons, we found smaller SELs in
mid- than in early-successional mixtures (Wacker et al.
2008). Declining SELs and increasing CEs over time have
also been observed in previous studies using mid-
successional species (Tilman et al. 2001, Spehn et al.
2005, van Ruijven and Berendse 2005, Cardinale et al.
2007, Fargione et al. 2007). In early-successional
communities, in which most species have to reestablish
from seeds every growing season, it may be less likely
that complementarity increases over the years.
Previous biodiversity experiments (Reich et al. 2001,
Fridley 2002, 2003, He et al. 2002) representing four
species pools of 16, 10, 12, and 7 species, respectively,
suggested that net biodiversity effects should increase
with increasing levels of soil nutrients (question 4 in
Introduction). However, although aboveground biomass
production in mixtures, and marginally functional
diversity Qd/m, did increase with nitrogen level, NE,
averaged over the 10 pools of six species each of this
experiment, remained constant across the nitrogen
gradient. The reason for this was a strong variation
among pools, with some showing the expected increase in
NE and others a decrease in NE with increasing nitrogen
level (see Fig. 4).
The explanation put forward for higher net biodiver-
sity effects in resource-rich environments is that a larger
number of functionally different species may be required
to extract all resources in such an environment than in a
resource-poor environment, and this could occur via
complementarity or selection effects (Reich et al. 2001).
Indeed, in the three pools with the most positive response
of NE to nitrogen addition (pools 1, 4, and 6; see Fig. 4)
both CE and SEL increased, whereas in all other pools at
least one of the two effects decreased with nitrogen
addition. The observed tendencies for increased func-
tional diversity with increasing nitrogen level and for
increased NEs with increased functional diversity are in
agreement with the positive relationship between NE and
nitrogen level in at least some species pools of our study.
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APPENDIX A
The ﬁve early-successional and ﬁve mid-successional species pools (Ecological Archives E090-045-A1).
APPENDIX B
Summary of trait data used in the calculation of functional diversity indices (Ecological Archives E090-045-A2).
APPENDIX C
Original data and derived measures for all 40 plots (Ecological Archives E090-045-A3).
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